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Abstract

Scalar one-dimensional conservation laws with a nonlocal diffusion term cor-
responding to a Riesz-Feller differential operator are considered. Solvability
results for the Cauchy problem in L™ are adapted from the case of a frac-
tional derivative with homogeneous symbol. The main interest of this work
is the investigation of smooth shock profiles. In case of a genuinely nonlinear
smooth flux function we prove the existence of such travelling waves, which are
monotone and satisfy the standard entropy condition. Moreover, the dynamic
nonlinear stability of the travelling waves under small perturbations is proven,
similarly to the case of the standard diffusive regularization, by constructing a
Lyapunov functional.
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1. Introduction

We consider one-dimensional conservation laws for a density u(t, x), t > 0,
z € R, of the form
Ou + Oz f (u) = 0. D%, (1)

where D¢ is the non-local operator

with 0 < o < 1. The flux function f(u) is smooth and satisfies f(0) = 0.

We shall analyse the local and global solvability of the Cauchy problem
for (1), as well as the existence and stability of travelling wave solutions. In
particular, we shall show that smooth travelling wave solutions exist, which are
asymptotically stable. These waves are shock profiles satisfying the standard
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entropy conditions like those derived from the standard parabolic regularization
with D replaced by 0.

Since D*u can be written as the convolution of the derivative «’ with I'(1 —
a)~t0(z)x=* (with the Heaviside function @), D® is a pseudo-differential oper-
ator with symbol

ikv/2m 0(x)
(1 - a)}_ ( x®

) (K) = ik (an — ibo sgn(k)) [F*" = (b + ian sgn(k) [K*

ie. F(Du)(k) = (b + iaq sgn(k)) |k|*u(k). Here F denotes the Fourier trans-
form

Foolk) = p(k) = —— / e o()d,

and %8 am
aa:sin(7)>0, ba:cos(7>>0,

(see [2] for the details of the computation). Obviously, the operator on the right
hand side of (1) also is a pseudo-differential operator with symbol

F(0,D%) = — (an — ibs sgn(k)) [k|*TL. (3)
Due to the negativity of its real part, it is dissipative.

Remark 1. For s € R, we use the Sobolev space
H® :=Au: [lullgs <oo},  lullas == [[(1+ |k])*ull p2(r) ,
and the corresponding homogeneous norm
lull o := [l L2 () -

The fact |D¥ul| . = /a2 + b2 ||u| gesa Justifies to interpret D as a differen-
tiation operator of order «. It is bounded as a map from H® to H*~%.

Denoting by Ci"*, m > 0, the set of functions, whose derivatives up to order
m are continuous and bounded on R, D%u : C} — Cy is bounded. This can be
easily seen by splitting the domain of integration in (2) into (—oo,z — d] and
[x — &, 2] for some positive 6 > 0. Then integration by parts in the first integral
shows the boundedness of D*u.

The operator 9, D'/3 occurs in applications. It has been derived as the
physically correct viscosity term in two layer shallow water flows by performing
formal asymptotic expansions associated to the triple-deck regularization used in
fluid mechanics (see, e.g., [18]). Moreover D'/3 appears in the work of Fowler [12]
in an equation for dune formation:

Au + Opu? = 8iu —9,DY3. (4)

Here the fractional derivative appears with the negative sign, but this instability
is regularized by the second order derivative. Alibaud et al. showed the well-
posedness of (4) in L? as well as the violation of the maximum principle, which



is intuitive in the context of the application due to underlying erosions [1].
Travelling wave solutions of (4) have been analysed by Alvarez-Samaniego and
Azerad in [2].

Fractal conservation laws of the form

O+ 0y f(u) = DM, (5)

where D21 is the pseudo-differential operator with symbol —|k|*T! (meaning
Doty = F~1(—|k|*T14)) have been investigated in several works, see e.g. Biler
et al. [5] and Droniou et al. [10].

This work is organized as follows. In the remainder of this section we present
an existence result for the Cauchy problem in L*°. The crucial property here is
the nonnegativity of the semigroup generated by 9, D%, which is a consequence
of its interpretation as a Riesz-Feller derivative [11, 13]. This allows to prove a
maximum principle for solutions of (1) as in [10].

Section 2 is devoted to the analysis of travelling wave solutions connecting
different far-field values. Such wave profiles are typically smooth. Working
with the original representation (2) of D%, we obtain a nonlinear Volterra inte-
gral equation as the travelling wave version of (1). Assuming (even a bit less
than) convexity of the flux function and that the solutions of the associated
linear Volterra integral equation form a one-dimensional subspace of H2(R_),
we can show the existence and uniqueness of monotone solutions satisfying the
entropy condition for classical shock waves of the inviscid conservation law un-
derlying (1). This essentially requires to extend the well known results for
the existence of viscous shock profiles, which solve (local) ordinary differential
equations.

Biler et al. [5] showed that no travelling wave solutions of (5) can exist for
a € (—1,0]. For the case a € (0, 1) also no existence result is available.

To show the asymptotic stability of the travelling waves, we use the an-
tiderivative method typically applied in the case of the classical viscous regu-
larisation and derive a Lyapunov functional. This allows to deduce the decay
of initially small perturbations.

In the appendix we consider linear Volterra integral equations and prove the
assumption on the dimension of the solution space with respect to subspaces
of H?(R_).

The Cauchy Problem

In the following, we verify the applicability of the work of Droniou et al. [10]
on the Cauchy problem of (5) in L* to

Ou+ 0, f(u) = 0,D%, u(0,z) = up(x). (6)

Applying the Fourier transform to the linear evolution equation dyu = 9, D%u,
we see that the semigroup generated by the fractional derivative is formally
given by the convolution with the kernel

K(t,z) = F e ™M) where A(k) = (aq — ibasgn(k))|k|*TL.  (7)



To analyse the well-posedness, we use the mild formulation of (6),

u(t, ) = K(t,.) * uo(w) —/0 K(t—7,) % 0uf(u(r, ))(@)dr.  (8)

As a main ingredient in [10], Droniou et al. used the non-negativity of the kernel
associated to the semigroup generated by D**!. To make use of their methods
in the analysis of the Cauchy problem (6), we need to investigate the properties
of the kernel K associated to the operator 9,D%.

Lemma 1. For 0 < a < 1, the kernel K given by (7) is non-negative:
K(t,z) >0, for all ¢t > 0,2 € R.

Additionally, the kernel K satisfies the properties:
(i) For allt >0 and z € R, K(t,z) = tl/(ha)K (1, tl/(:era))'

(ii) For all t >0, |K(t,.)|| 1@ = 1.

(iii) K(t,x) is C* on (0,00) x R and for all m > 0 there exists a By, such
that
1 B,
(14m)/(14«) (1+t72/(1+a)|x|2)'

9)

V(t) € (0,00) xR, |07 K(t,2)| <

(iv) There exists a Cy such that for all t > 0: |0, K (t,.)| L1 (r) = tl/(cfia)

Proof. We already mentioned that the operator 9,D¢ is a Riesz-Feller differen-
tial operator, see also Gorenflo and Mainardi [13]. Due to Feller [11], the symbol
of 9, D% is the characteristic exponent of a random variable with Lévy stable
distribution. Hence the kernel K is the scaled probability density function of a
Lévy stable distribution and is non-negative.

The additional properties of the kernel K are verified in the same manner
as in [10]: (i) follows from the change of variable = t/(+)k under the
integral sign. Since the kernel K is non-negative, we deduce || K(1,.)|lz1®) =
JK(Q,z)dz = F(K(1,.))(0) = 1, which together with (i) implies (ii). To show
(iii), we write 07K (1,z) = \/%f(ik)mei“e’/\(k)dk. Since a@ > 0, we can
integrate by parts twice and obtain 97K (1,z) = O(1/2?). Together with the
boundedness of 07 K (1, x), we get the estimate for ¢ = 1 and deduce the estimate
for arbitrary ¢ > 0 from (i). Finally, (iv) follows from (i) and (iii). O

Hence the kernel associated to 9,D“ satisfies the same properties as the one
for DT required in the work of Droniou et al. [10]. Thus their analysis carries
over to our problem and we obtain the analogous result:

Theorem 1. Ifug € L, then there exists a unique solution u € L ((0,00)xR)
of (6) satisfying the mild formulation (8) almost everywhere. In particular

Hu(t’ )HOC S Hu0||007 for ¢ > 0.

Moreover, the solution has the following properties:



1. u € C*((0,00) x R) and u € Cp°((tg,00) x R) for all ty > 0.
2. u satisfies equation (1) in the classical sense.

3. u(t) — ug, as t — 0, in L=(R) weak-+ and in L,

(R) for allp € [1,00).

To motivate the well-posedness, we estimate the terms in (8) for ¢ > 0, with
the help of the properties of the kernel K, as follows: |K(t,.) *uo(z)| < ||uollco
and

t
/ 0K (t = s5..) % f(uls,))ds| < ClLf(w) | L= (o.xmt' ™™= .
0

Due to the Lipschitz continuity of f, we get a contraction for small times tg on
L>((0,tg) x R) and therefore the well-posedness.

To show the global existence as well as the maximum principle, Droniou et
al. [10] constructed an approximate solution by a splitting method and used a
compactness argument to pass to the limit.

We shall also mention that an alternative L?-based existence theory of (1)
can be obtained by standard approaches such as contraction arguments and
Lyapunov functionals. Here the main ingredient is the a priori decay of the
L?mnorm. Testing (1) with u and assuming vanishing far-field values of u, the
flux term vanishes

/Ruamf(u)d:cz /Ruf’(u)awudx:/RBQEG(u)d:c:Q Glu) :/Ouvf'(v)dv,

since G is smooth and G(0) = 0. We obtain the L2-estimate:

1d
—— [ uidr = —aa/ |k|* T a?dk < 0.
Here we have used Plancherel’s theorem together with |a(k)|* = |a(—k)|?, im-

plying
/ sgnk|k[?|a(k, t)|?dk = 0.
R

This relation shows that in an L?-framework the operator 8, D% behaves sim-
ilarly to D®*1. Due to the decay of the L2-norm of the solution to (1), one
would hope for well-posedness of the Cauchy problem with initial data in L2
allowing us to deduce the global existence. Using a contraction argument sim-
ilar to the one by Dix for the classical viscous Burgers equation, we can show
the well-posedness in L? for the quadratic flux f(u) = u® in the case o > 1/2.
This critical value was already mentioned by Biler, Funaki and Woyczynski [5]
for (5). For the general flux and « € (0, 1) we have to require higher regularity
of the initial data: uy € H!'. To deduce global existence of solutions in H'!, a
Lyapunov functional can be derived under an additional smallness assumption
on ||ug|lg1. These results follow from the proofs we carry out in Section 2.2.
Since obviously the assumptions on the initial data are much more restrictive
as in the L*°-based existence result, we do not go into more details here.



2. Travelling wave solutions

2.1. Ezistence of travelling wave solutions

We introduce the travelling wave variable £ = x — st with the wave speed s
and look for solutions u(x,t) = u(§) of (1), which are connecting the different
far-field values u_ and u . A straightforward calculation shows that if u depends
on x and t only through the travelling wave variable &, then so does D*u, and
we arrive at

—su' 4 f(u) = (D*w),  u(-o0) =u_, u(o0) = s,

where the prime denotes differentiation with respect to €. Integration gives the
travelling wave equation
o0 (e —
h(u) = —s(u—u_) + f(u) = f(u_) =D = dq / (gya‘y)dy, (10)
0

with do, = 1/T(1 — «). If the derivative «’' decays to zero fast enough as £ —
+o00, then we obtain, at least formally, the Rankine-Hugoniot conditions, which
correspond to shock solutions of the inviscid conservation law and relate the
far-field values and the wave speed via

_ f(qu)—f(u,)'

Uy — U

(11)

If the flux function f(u) is convex between the far-field values u_ and u., then
the left hand side h(u) of (10) is negative between its zeroes u_ and uy. If u(§)
is monotone, the right hand side in (10) has the same sign as u’. Therefore if
a monotone solution exists, it has to be nonincreasing, leading to the standard
entropy condition

U— > Uy,

derived by replacing D®u by u'. Under this assumption, the existence of a
smooth monotone travelling wave will be proved. The precise assumptions on
the flux function will be formulated in terms of h(u): We require

heC®fuy,u-]), h(uy)=h(u_)=0, h<0in (uy,u_),
Jupy, € (uy,u_) such that A" <0in (ug,um), h >0in (upm,u_]. (12)

Note that this is a little less than asking for convexity of f, and it allows for the
slightly weakened form f'(uy) < s < f’(u_) of the Lax entropy condition.
The integral operator

¢ d(y)
D*u(€) = da/ ——=dy
©=de | e
in the travelling wave problem

h(u) = D%u, u(—o0) =u_, u(co)=1uy, (13)



is of the Abel type. It is well known that it can be inverted by multiplying (13)
with (z — f)_(l_a) and integrating with respect to £ from —oo to z. This leads

to
3
u€) - = D)) = die [ Uy
—00 (§ - y) *
Equations (13) and (14) are equivalent if u € C} (R) and v’ € L*(R_), hence in
particular if u € C}(R) is monotone. We will use both formulations to deduce
the existence result. An important property of both integral equations is their
translation invariance, which will be used several times below.
The equation (14) is a nonlinear Volterra integral equation with a locally in-
tegrable kernel, where a well developed theory exists for problems on bounded
intervals. Therefore we shall start our investigations by proving a ’local’ exis-

(14)

tence result around £ = —oo. The subsequent monotonicity and boundedness
results will lead to global existence for £ € R.
The local existence result is based on linearisation at £ = —oo (or, equiva-

lently, at w = u_). This can be done for either (13) or (14) with the same result.
As could be expected for ordinary differential equations, the linearisations

W (u_)v =D, v="h(u_)D %, (15)

have solutions of the form v(¢) = be*é, b € R, where a straightforward com-
putation gives A = A'(u_)"/®, see also [6]. We will need that these are the
only non-trivial solutions of (15) in the space H?(—o0, &) for some & < 0. In
particular, we assume that

N(id — B (u_)D~%) = span{exp(\§)}  with A =H(u_)/>,  (16)

which is reasonable due to our analysis in the appendix Appendix A. The main
result of this section is the following.

Theorem 2. Let (12) and (16) hold. Then there exists a decreasing solution
u € CL(R) of the travelling wave problem (13). It is unique (up to a shift)
among all u € u_ + H*((—o00,0)) N C}(R).

The following local existence result shows that the nonlinear problem has,
up to translations, only two nontrivial solutions, which can be approximated by
u_ + e*¢ for large negative £&. The choice 1 of the modulus of the coefficient of
the exponential is irrelevant due to the translation invariance of the solution.

Lemma 2. (Local existence) Let (16) hold. Then, for every small enough & >
0, the equation (13) has solutions wup, Udown € u— + H?(I.), I. = (—00,&],
& =loge/ ), satisfying

Uup(fe) =u_+e¢, udown(gs) =Uu- —¢. (17)

These are unique among all functions u satisfying ||u — u_||g2(7.) < 9, with 6
small enough, but independently from . They satisfy (with an e-independent
constant C')

ltbyp — u— — e)‘5||H2(IE) < Ce?, [tdown — u— + 6’\5HH2(15) < (Ce2.



Proof. The proof will only be given for existence and uniqueness of ugoyn, which
will be of greater interest below, but the proof for u,,, is analogous.

We start by writing (13) and the initial condition (17) in terms of the per-
turbation @(¢) = Ugown (§) — u_ + e*&:

(DY —h(u_))u= F(ua,&), u(&)=0, (18)
where we denote
F(u,&) = h(u_ — e +a) + h'(u_)(e — a).

The idea is to write (18) as a fixed point problem considering the right hand side
as given. Since we shall use the Fourier transform for constructing a particular
solution, we need a smooth enough extension to £ € R, although we are only
interested in £ < &. For f € H?(I.), let the extension £(f) € H?(R) satisfy

)|, =1 NEDm=@ <Al -

€

The bounded solution of the equation
(Da - h/(uf))upart = g(f) 5

and of its derivatives with respect to £ can be written as
ulm, = 7 [(ba|k\“ ~ B (ul) + dagsgn(k)|k]*) ! fg(f)“n)}  m=0.1,2.

The coefficient can easily be seen to be bounded uniformly in &, leading to the
estimate

[tpartll 21y < lupart ||l 2@y < CIEW 2@ < CYIfllH2(1) -

By the assumption (16), U[f](€) = tpart (&) — Upart(€2)eME7E) is the unique
solution of
(D - W (u_))U=f inl., U¢)=0,
satisfying by the Sobolev imbedding of H?(I.) in Cy(I.) the estimate
WM a2y < Nuparelmei + lupare e 16375 b2
< OYfllazao) + Clluparl g2y < Kl fllm2 )

for some K > 0. This allows to write (18) as a fixed point problem:
u=Ul[F(u,f)] .
In order to estimate F(u,£), we first rewrite it as follows:

h' (@ B (4
F(u,§) = % (X — 71)2 - # (5262,\(5—55) _9eME—E)g o 712) .



We recall that f is smooth and hence |h” (u)| g~ < Ly (JJul|r) for some positive
nondecreasing function L;. Using moreover the continuous imbedding of H? (1)
in Cy(I.), it can easily be seen that

1F (@ &)l 21y < CIW" (@) )| L1y (€% + ellall 2y + 1] oe 1 18] 22(1.))

< L(lallg2r,) (2 + elll ey + Nl ) -

where L is a positive nondecreasing function. The fixed point map is now
bounded by

IUTF (@, 21y < KLl 21.0) (< + ellall ey + Nalidegs,)) -

We assume for simplicity that R = KL(1) > 1. It is easily seen that the fixed
point map is a contraction on the ball with radius (2R) ™!, which is independent
of €. Moreover the ball with radius €?2R is mapped into itself. Hence we
conclude that there exists a solution # bounded in H?(I.) by a constant of
O(g?), which is unique in a ball with a radius of O(1). O

Lemma 3. (Local monotonicity) Let the assumptions of Lemma 2 hold. Then,
mn I,
Uyp > U, u;p>0, Udown < U—y  Uppun < 0.

Proof. Again we restrict our attention to ugew, and skip the analogous proof
for uyp,. As a consequence of Lemma 2 and of Sobolev imbedding

[Udown (€) —u_ + | < Ce?, €<¢&.

Thus, there exists £* satisfying

udown(g*) =U- — 20527 5052 < g* < 53052 .

Since Ugown (§) < u_ for & > £€*, we may restrict our attention in the following
to & < £*. Thus, we eliminated a subinterval of length dy > & — £3¢.2. Now
we set €1 = €, g5 = 2Ce?, and, by a shift in &, replace £* by &.,. This means
that the shifted solution becomes the unique wugown from Lemma 2, where &,
has been replaced by 5. Of course, the argument can be iterated to produce
a sequence {e,}, determined by €,41 = 2Ce2, and in each step a subinterval
of length d, > &, — &3¢z can be eliminated, where ugown < u— holds. It is
easily seen that, for e; = ¢ small enough, Ziozl d, = oo completing the proof
of Ugown < u_ in I,.

The proof of the second property of ugown is completely analogous noting
that, again by Sobolev imbedding,

|u2lown(£) + )\e/\f‘ < 052 for 5 < ge .



Remark 2. Together with wy, — U, Ugown — u— € L3(I.), the result of the
lemma implies
Im wpy(§) = Im ugewn(§) = u.

[ —— R ——

Together the two solutions constitute the ‘unstable manifold’ of the point u_.

The Lemmata 2 and 3 show the existence of a solution u of (13), which
satisfies u € O} and is monotone. Thus wu is also a solution of equation (14).

Lemma 4. (Continuation principle) Let u € C}((—00,&o]) be a (continuation
of a) solution of (14) as constructed in Lemma 2. Then there exists a 6 > 0,
such that it can be extended uniquely to C}((—o00,& + 6)).

Proof. Defining

& hiu
R

which can be considered as given and smooth by the assumptions, (14) can be

written as
_ ¢ huly)
R R

Local existence of a smooth solution for & close to & is a standard result for
Volterra integral equations, see e.g. Linz [16]. O

It is now obvious that, as for ordinary differential equations, boundedness
will be enough for global existence.

Lemma 5. (Global uniqueness) Let u € u_ + H?*((—00,&)) be a solution
of (14). Then, up to o shift in &, it is the continuation of wup or of Udown,
oru=u_.

Proof. For every § > 0 there exists a §* < &, such that ||u—u_ || g2((—occ,e*)) <9,
and therefore, by Sobolev imbedding, also |u(£*) — u—| < §. Choosing ¢ small
enough, there are only the options w(£*) = u_ (implying v = u_) or u(£*) # u_
whence, by local uniqueness, u is up to a shift either equal to ., or to Udown,
depending on the sign of w(£*) — u_. O

This result already implies the uniqueness of the travelling wave, if it exists.

Lemma 6. (Global monotonicity) Let u € C}(—o00,&)] be (a continuation of)
the solution Ugewn of (14) as constructed in Lemma 2. Then u is nonincreasing.

Proof. We recall the properties of h given in (12). We shall use both formula-
tions (13) and (14). First we prove that the derivative of u remains negative as
long as u > u,,. Assume to the contrary that

w(és) > Uy, (&) =0, o <0in (—o00,&).

10



Then we obtain from the derivative of (14), evaluated at & = &, the contradic-
tion .
W (u(y))u'(y)
0=1u'(¢&)=d _a/ —_—
(&) 1 o (=)t

Now we show that u cannot become increasing for v < u,,. Again, assume the
contrary

dy < 0.

w(és) < Up, u' >0in (&, & +6), o <0in (—o00,&],

where we assume additionally that ¢ is small enough such that w(&x 4+ ) < .
This implies

Eatd u/(y) B Ex u'(y) o u’(y)
[“J<@+5fwa@ - [ﬁma+6fm¢w+/1 GETET

= (y) *
~ /700 (6 — y)ady.

But on the other hand we know
0 > h(u(&+9)) — h(u(&))

S (y) B S (y)
%[w<awfww %Lw@fw@>“

leading again to a contradiction. Therefore v’ cannot get positive. O

Lemma 7. (Boundedness) Let u € C}(—00,&] be (a continuation of) the so-
lution wgewn of (14) as constructed in Lemma 2. Then uy < u < u_.

Proof. Suppose the solution would reach the value w4 in finite time, i.e. there
exists a &, such that u(£,) = uy. Since w is nonincreasing and, by Lemma 3,
strictly decreasing at least close to £ = —oo, we obtain the contradiction

& /
O

The proof of Theorem 2 is completed by proving limg oo u(§) = us. As-
suming to the contrary lime o u(§) > vy, would imply lime_,o h(u(€)) < 0.
Then, however, —D~*h(u) = u_ — u would increase above all bounds, which is
impossible by Lemma 7.

2.2. Asymptotic stability of travelling waves for convex flures

We change to the moving coordinate £ = z — st in (1),

O+ O (f (u) — su) = 0:D%u, (19)

11



and look for solutions of (19), which are small perturbations of travelling wave
solutions and in particular share the same far-field values. Let up(§) be an
initial datum and ¢(§) a travelling wave solution as constructed in the previous
section, with the shift chosen such that

/R (uo(€) — B(E))dE = 0. (20)

Due to the conservation property of the equation (19) we see that (formally)

/(u(t,f) — ¢(£))d¢ =0, forallt > 0.
R

The flux function will be assumed to be convex between the far-field values of
the travelling wave, i.e.

f(9(8) >0, for all £ € R.
The perturbation U = u — ¢ satisfies the equation
1
OU + 0c((f'(¢) = 5)U) + 50 (f"(¢ + 9U)U?) = 0, DU, (21)

for some ¥ € (0,1). The aim is to show local stability of travelling waves, i.e.
the decay of U for small initial perturbations Uy = ug — ¢. Testing (21) with
U, we get

1d

2 1 1 / 2 1 1 2
s 3lUIE+ 5 [ @evias =3 [ foravoua

=~ Ul a1m/2 » (22)

where several integrations by parts have been carried out. Recalling ¢’ < 0,
we see that the second term has the unfavourable sign. As one would do for
the conservation law with the classical viscous regularisation, we introduce the
primitive of the perturbation:

W(t,§) = /_; Ut,mdn, — Wo(§) = /_io Uo(n)dn .
Integration of (21) gives the equation for W,
O+ ((6) — )0 + (6 + IU)@eW)? = 0DW, (23)
which we test with W to obtain
i WIEs =5 [ rr@ewds+ 5 [ o+ ouyeawyw ae

2dt
= 7a0¢||W||?'{(1+a)/2 . (24)

This equation has the crucial property that the quadratic terms have the favour-
able sign. From the cubic term (arising from the nonlinearity) we pull out the
L>*-norm of W (and of U if f” is not constant), which we shall control by
Sobolev imbedding.

12



Well-posedness of the perturbation equation

Before deriving decay estimates, we have to guarantee the well-posedness of
the Cauchy problem for (23),

W + (f'(p) — 8)0eW + %f”((b + V) (0:W)? = DWW, W(0,2) = Wy(z).
(25)
Therefore we use a contraction argument. Assuming f(u) = u? and a > 1/2
allows to estimate the nonlinearity in the fashion of Dix [7] implying the well-
posedness in H'. For the general flux and o € (0,1) we have to require more
regularity of the initial data, Wy € H?.
We recall the definition (7) of the kernel K associated to the linear evolution
equation and rewrite (25) in its mild formulation

= K(t,.) « Wy (x)

W(t,x) =
- [ K- ((f’((b)—s)U(T,.)—l—W(U(T,.))Q) (z)dr. (26)
0

Before proceeding with the contraction arguments, we note that for any Wy €
H?® we have K(t,.) « Wg — Wy as t — 0 in H*. In particular, the integral

Kt Wo = Walhy. = [ (L4 |0 = 120 P

is bounded by 4||Wp||%. and we can apply the Dominated Convergence Theorem
to pass to the limit under the integral sign. Moreover ||K(t,.) * Wy|lg= <
Wollare-

Proposition 1. Let f(u) = v? and a > % Then for any Wy € H' there exists
a T > 0 such that (25) has a unique solution W € H' fort € [0,T).

Proof. Denoting the right hand side of (26) with GW the mild formulation
gives a fixed point problem W = GW. We note that f” = 2 and briefly explain
how to carry out the contraction argument. Let 7' > 0 and denote ||W |3, =

SUPseo,t0] IIW |- Applying Plancherel’s Theorem we can bound the H'! norm
of GW by

T
I9W i < 1Woll + [ |1+ e 007 (20 - 57+ U3 )|, a
0
T
< [[Woll +C/ sup‘(l + |k|)emARE=T)
0 keR

T
+/ @+ eperwe=n

0

U (7, )| zdr

sup |[(U(7,.)?)"|dr
L? keRr

Using Cauchy-Schwarz inequality it is easy to see that ||(gh) ||eo < llgllLz||P|lL2,
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hence supycp |(U(7,.)%)”| < ||U]|; 2. We then bound

-
sup |(1 + |k|)e ART=1 < 14 ——
kER (T — 7—) Tto
< c(1+(T—T)*ﬁ), (27)

13+ ke OT < O (T = 7)7 30 4 (T — 7)) ),

where we have performed the substitution k& — k(t — 7)#1 in the integrand.
For o > 1/2, the terms on the right hand side are integrable from 0 to 7" and the
operator G is a contraction for small times T: There exists a constant Cy > 0,
such that

I9Wlizs < Co (14 (T + T H=) [ W + (T 2090 4 T 3@m0) [ Wl3,2)

Then for T small enough, G maps the ball Bac,(T) = {W € C([0,T],H) :
W15 < 2Co} into itself. With Banach’s fixed point argument we can con-
clude the existence of a solution W € Bac,(T) of (26), which is therefore
the solution of (25) on [0,7"). The uniqueness result is only local in Bsc,.
Hence let us now assume W,V € C([0,T], H') are two solutions of (26) and let
M = max{||W| 51, [V|5:}. Then W —V solves a fixed point equation, where
for a small enough Ty > 0 the fixed point operator is again a contraction on
Bopi(Tp). Therefore W =V on [0,Tp]. Repetition of this argument provides
uniqueness on the whole time interval of existence. O

Proposition 2. Let Wy € H?. Then there exists a T > 0 such that the Cauchy
problem (25) has a unique solution W € H? fort € [0,T).

Proof. We again consider the fix point operator GW associated to the right
hand side of (26), where now f” is not constant. This requires to pull out the
L>*-norm of U and therefore, by Sobolev-Imbedding, we shall control W in H?2.
We estimate the nonlinearity as follows:

[K(T =7,.) % f"(¢+ U (7,.) | o

=+ kDR @+ EFG o+ 03|
<O (14 @ =) ) I (6 + 9U)U |
< LU0 (14 (T =) 777 ),

where we have used (27) and Sobolev Imbedding. L is a positive non-decreasing
function. The linear terms are estimated in a similar fashion as above, such
that for a Cy > 0

* -1 * * *
IGW > < Co (1 +(T+ T (L+ LW [ 52) W [ 72) HW||H2> :

The proof can be concluded in a similar way as before. O
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Global existence will be the consequence of the existence of a Lyapunov
functional, which also allows to deduce the asymptotic stability of travelling
waves. The Lyapunov functional is also easier to derive in the case of the
Burgers flux. Mainly for pedagogical reasons we first derive the result in this
simplified situation and then proceed with the stability for the general convex
flux function.

Stability of travelling waves for the quadratic flux

Assuming f(u) = u? and a > 1/2, the Cauchy problem for (23) is well-posed
in H'. Since f” = 2, the nonlinear term in (22) vanishes. Therefore to derive
the global existence as well as asymptotic stability it suffices to construct a
Lyapunov-functional controlling the H'-norm of W.

Theorem 3. Let f(u) = u? and o > 1/2. Let ¢ be a travelling wave solution
as in Theorem 2, and let ug(§) be an initial datum for (19), such that Wy (§) =
ffoo(uo(n)—gb(n))dn satisfies Wo € HY. If ||Wol| g1 is small enough, the Cauchy
problem for equation (19) with initial datum wuy has a unique global solution
converging to the travelling wave in the sense that

lim llu(r, ) — @||L2dr =0.

t—oo [,

Remark 3. Note that the condition (20), which can be translated to Wy(+oo) =
0, is incorporated in the condition Wy € H'.

Proof. Equations (22) and (24) imply the estimates

1d

5 71Ul = CollUllZ: < —aallUlGasay e (28)

1d

571 Wle = Wl 0W 72 < —aal Wil iz (29)
with Cy = ||¢||=. We shall construct a Lyapunov functional by a linear

combination of these estimates. For v > 0, we denote 7. = min{l,~v} and
~* = max{1,v}. Then

1
J(t) = 5 (IW17: +IU117:)

is bounded from above and below by

Ve v
L, <7 < LWl (30)
The combined estimate reads
dJ
7~ G+ IWl=) W%+ aa (W1 asm sz + YW era,2) <0

The idea is to control the second term by the third, which seems plausible, since
the interpolation inequality

W5 < IW I arare + W ere 2 » (31)
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holds as a consequence of k? < |k[**® + |k|>t®, k € R. The same inequality
with k replaced by k(aa/(QCo))l/(Ha) implies

700“W|| = (HW” (14a)/2 +’VHW”H(3+a>/2) y

with v = (aa/(2Co))%/ 1+, For the term arising from the nonlinearity we

use the consequence |[|[W]%, < o (||VV||1,{(1+Q>/2 F W, 5a)/») of (31), which
leads to

dJ g

T (% = Wl ) (W By + AW ) 0.

By Sobolev imbedding and (30) we have

2
IWllzee < Wil <4/ =7

We now let the initial data be small enough such that J(0) < (v.)3a? /8. This
immediately implies the existence of a A > 0, such that

dJ
ar = <=A (HW” (14ay2 T 7||W||H(3+a>/2) < _)‘7*||U||%2 ) forallt > 0.
Integration with respect to time concludes the proof. O

Stability for a general convex flur function
In contrary to the quadratic flux, now the nonlinearity in estimate (22) does
not vanish:

thl\Ulle CollUlze = LAUN )TNz U < =aallUlF0vay 5 (32)

with a positive nondecreasing function L and, similarly to above, Cy =
lf"($)d || L= /2. The estimate for W reads

1d

— AWz = LUl )Wl 106V 122 < —aal WG ara 2 (33)
2 dt

We see that now we have to control U and W in H' C L, and therefore
also need to derive an estimate for J:U. As we have mentioned above, the
Cauchy problem for (23) is well-posed in H2. Hence the decay of W in H? is
needed to repeat the local existence as well as to control the nonlinearities. We
differentiate (21) and test it with 0¢U. After several integrations by parts, we
can estimate

thHa&U”LQ CillUHn = LU | z) (1|2 10U |72 + 10U |75
< _aaHanH?iI(lJra)/27 (34)

where C7 depends on the travelling wave and its derivatives up to order 2. We
now apply a generalisation of the celebrated Gagliardo-Nirenberg inequalities

16



(see e.g. [14]) to Sobolev spaces with fractional order, which was proven by
Amann [4] (Proposition 4.1):

10Uy < CIOUI asa 10Ul 22 < CIUNm NUI sz (35)
We are now ready to prove a stability result similar to Theorem 3 for the general
convex flux function:

Theorem 4. Let (12) hold and let ¢ be a travelling wave solution as in The-
orem 2. Let ug be an initial datum for (19) such that Wy(€) = fEOO(UO(U) -
é(n))dn satisfies Wo € H?. If ||[Wo|| g2 is small enough, then the Cauchy problem
for equation (19) with initial datum ug has a unique global solution converging
to the travelling wave in the sense that

tlim lu(r, ) — @|lgrdr =0.
— 00 t

Proof. We proceed similarly to above and define
() = 2w Ul ocU||3
(t) = SUWIz2 + MUlL2 +72010:UlIz2)

with positive constants v1,72 > 0. We denote v, = min{l,~1,v2} and v* =
max{1,71,72}. Then, as a functional of W, J is equivalent to the square of the
H?-norm. Combining (33), (32) and (34) together with (35) gives the complete
estimate

LT+t (19 By + I sz 220 By esn2)
—11CollUN72 = v2CillU5 = LUAW L a2) Wl 21U 35002 < 0.
Similarly to above we now choose 71,2 > 0 such that
NCollU72 +12C1[U |3
< S (W srse + IV o+ 220 500 2)

and get the final estimate

d g 1
G+ (% = LW LW it ) (7 B+ 07 )

a 1
w9 (=LAWL IV ) IV By < 0.

Letting again the initial data be such that J(0) is small enough, we can deduce
that J is nonincreasing for all times and moreover

/ U, ) |7 dt < o0
0
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Appendix A. Linear Integral Equation

In this appendix we analyse the assumption (16) in more detail. We will
show that all continuous and bounded solutions on R_ of the linear equation

£ v
v(€) = Co / i (£_<5)>dy w(—00) =0,  Cp=H(u_)/T(a), (A1)

are given by the one-parameter family {be*é : b € R} with A = h/(u_)"/*. A
proof for the space Cp,(R_) cannot be carried out directly, since the kernel is only
locally integrable. Therefore we first derive the uniqueness result in the space
of continuous functions with exponential decay as £ — —oo. We also present
a less direct, but more general approach, which gives a similar result for the
underlying space L>*°(R_). In addition we show that no continuous solutions
with polynomial decay can exist.

We start by analysing solutions of (A.1) in Cj(—o00, &) for a £y < 0. Since it
is easier to work with integral operators acting on a finite domain, we perform
the transformation

1
w(ﬁ) = u(f); where n= 75 € [07770]’ for an 1o > 0,

leading to the following equation for w

w(n) = Co n*= /On (n_;")ff)asmds, w(0) = 0. (A.2)

To prove that the only non-trivial solutions with exponential decay are
A
w(n) = be” ", we adapt the approach of Wolfersdorf for another integral equa-
tion (see the Appendix in [20]):

Lemma 8. All solutions of (A.1l) within the space

Cuw(R_)={f€C,(R): f(&) =e"g(€) fora 0 < p < A\, where g € Cy(R_)}

are given by the one-parameter family {be*s : b € R} with A = b’ (u_)"/*.
Proof. Let w(n) = e nz(n) be a solution of (A.2), where 0 < p < A. For
z € Cp[0,1m9] we assume w.l.o.g. z(0) =0 (otherwise we can shift some decay of

the exponential function onto z). We shall show that z = be~ "7 . Therefore
we introduce

—u 70 0 A
(1) = 2(n) — Cre” 7 / z(s)ds, 1:01/ e~ ds
0 0

and note that ¢(0) = 0. Its primitive ®(£) = [ ¢(s)ds satisfies ®(0) = ®(n0) =
0. Due to Rolle’s Theorem there exists an 71 > 0 such that ®'(n1) = ¢(m) = 0.
If ¢ = 0, the proof is finished. Let now ¢ # 0. W.l.o.g. we assume that n; > 0
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is the smallest value with ¢(1n1) = 0 and that ¢(n) > 0 in [0,7;] with ¢(n) > 0
in (n2,m) for an ny € [0,7;). Then we obtain

n e“(%_%)zs
z(m) = Co 77%70‘/0 ( )

m— 5)17a51+a

1 7 e (%_E) A—p 1o
> (O 771_&/ —< ds Cie m / 2(s)ds = z(m1),
0 0

m — S)l—asl-i-oz

=1

leading again to a contradiction, and thus ¢ = 0. U

We shall also mention a more general approach, which was introduced for in-
tegral equations of Fredholm type. A similar result to Lemma 8 with the under-
lying space being L (R_), can also be deduced from results on the Wiener-Hopf
equation, which has the standard form

W(¢) - /OOO KE-yW(ydy=0, £>0. (A.3)

Wiener and Hopf related the Fredholm property of the associated operator in
(A.3) to conditions on its symbol [19]. Krein extended the Wiener-Hopf method
to equations with Ll-integrable kernels [15]. We only state the part of his result
which we will use in the following:

Let K € LY (R). If the symbol a(z) := 1 — 2rnF(K)(z) is elliptic, i.e.
inf,cp a(2)] > 0, and the winding number of the curve {a,(z) : z € (—o0,0)}
around the origin is a mon-positive number r. Then equation (A.3) has ex-
actly |r| linearly independent solutions in any of the Lebesgue spaces LP(R,),
1<p< oo

Since the kernel in (A.1) is only locally integrable we introduce as above
exponential weights, which will allow to apply this result.

For a generalization of the Wiener-Hopf method to other spaces than the
Lebesgue ones, we refer to the work of Duduchava [9], in which also the Theorem
of Krein is given more detailed.

Lemma 9. All solutions of (A.1l) within the space
LER_)={f€L®R_): f(&) =e"“g(¢) fora 0<p<\and g€ L™®(R_)}

are given by the one-parameter family {be*é : b € R} with A = h/(u_)"/*.

Proof. Consider solutions v of (A.1) of the form v(¢) = e w(&) for some 0 <
p < Xand w € L®(R_). Setting W (&) = w(—¢) and K(&) = e H0(£)¢xL,
equation (A.1) becomes a Wiener Hopf equation in the form (A.3). The kernel

K is integrable, since p > 0. Thus, to apply the result of Krein, it remains to
investigate the properties of the symbol

WV (00
LG o ad € s

1— 1 (u")(p? + 22) "% (cos(a Ouz) —isin(ay,.)),

= 1-h(u_)(p+iz)~®
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—a

where ¢, . = arctan = and %f(;l(g) )(2) = (iz)~ for z € C. To check the
ellipticity of the symbol, rewrite |a,(2)|? as follows

Jap(2)? = (1= ' (u) (12 + 2%)72) " 4 21 (o) (02 + 22) /2 (1 = cos(a ),

which attains its minimum with respect to z at z = 0 and does not vanish if
0 < p < A. Thus the symbol a, is elliptic and forms a closed curve {a,(z) :
z € (—00,00)}, since a,(+oo) = 1. Thus the winding number of the closed
curve is a well-defined integer, which remains to be computed. We note that
Re(a,,) is an even function and Re(a,(0)) < 0 for 0 < p < A. Moreover Im(a,,)
is an odd function and Im(a,(z)) = 0 only if z = 0 or z = +oo. Hence the
parametrization of the closed curve runs once around the origin in the counter
clockwise sense. Thus the winding number is —1 and the result of Krein implies
the statement. O

Finally, we show that no bounded solutions with polynomial decay can exist.

Lemma 10. (i) If v € Cp(R_) is a solution of (A.1), then v cannot change the
Stgn.
(i1) Equation (A.1) has no solution v € Cy(R_) with polynomial decay as & —
—00.

Proof. Again it easier to consider equation (A.2) instead. Solutions cannot
change sign due to the nonlocality: If a smooth solution w is positive (negative)
on (0,7,) for some 7, > 0, then the solution remains positive (negative). In
contrast, if w = 0 on [0, 7,), then w(n) is a solution of equation (A.2) where the
integration starts at 7, instead of s = 0. Therefore, we avoid the singularity of
the kernel at s = 0 and are left with the integrable singularity at s = n. Given
the initial value w(n.) = 0, we conclude from standard theory that there exists
only the trivial solution.

We prove statement (ii) by contradiction. Suppose that there exists a solu-
tion with polynomial decay w(n) = n?z(n) for some 3 > 0 and z € Cy(—00, 7]
which satisfies w.l.o.g. 2(n) > z, > 0. Then

I [ B ! L)
(77)2 * F(Oé) n \/0 (n_8)1_081+a_5d F(Oé) *B( 76 )77 ’

where B denotes the Beta function. We see that for any 8 the right hand side
grows unbounded as n — 0, which contradicts our assumption z € Cp(—00, 1]
O

Acknowledgements: The authors acknowledge support by the Austrian Sci-
ence Fund under grant numbers W8 and P18367.

References

[1] N. Alibaud, P. Azerad, D. Isebe. A non-monotone conservation law for dune
morphodynamics. Diff. Int. Equ., 23: 155-188, 2010.

20



[2] B. Alvarez-Samaniego, P. Azerad. Existence of travelling-wave solutions and
local well-posedness of the Fowler equation. Discrete Contin. Dyn. Syst. Ser.
B, 12(4): 671-692, 2009.

[3] H. Amann. Existence and regularity for semilinear parabolic evolution equa-
tions. Ann. Sc. Norm. Super. Pisa, Cl. Sci., IV. Ser., 11: 593-676, 1984.

[4] H. Amann. Global existence for semilinear parabolic systems. J. Reine
Angew. Math., 360: 47-83, 1985.

[5] P. Biler, T. Funaki, W. Woyczynski. Fractal Burgers equations. J. Diff.
Equ., 148: 9-46, 1998.

[6] L.M.B.C. Campos. On the solution of some simple fractional differential
equations. Internat. J. Math. & Math. Sci., 13(3): 481-196, 1990.

[7] D. B. Dix. Nonuniqueness and uniqueness in the initial-value problem for
Burgers’ equation. SIAM J. Math. Anal., 27(3): 708-724, 1996.

[8] D. B. Dix. The dissipation of nonlinear dispersive waves: the case of asymp-
totically weak nonlinearity. Comm. PDE, 17, 1992.

[9] R. Duduchava, Wiener-Hopf equations with the transmission property, In-
tegral Equations Operator Theory, 15(3): 412-426, 1992.

[10] J. Droniou, T. Gallouet, J. Vovelle. Global solution and smoothing effect
for a non-local regularization of a hyperbolic equation. J. Evol. Fqu., 3:
499-521, 2003.

[11] W. Feller. An Introduction to Probability Theory and Its Applications, Vol
2, 2nd ed. John Wiley and Sons, 1971.

[12] A. C. Fowler. Evolution equations for dunes and drumlins. RACSAM, Rev.
R. Acad. Cienc. Exactas Fis. Nat., Ser. A Mat. 96(3): 377-387, 2002.

[13] R. Gorenflo, F. Mainardi. Random walk models for space-fractional diffu-
sion processes. Fract. Cale. Appl. Anal. 1 (2):167-191, 1998.

[14] D. Henry. Geometric theory of semilinear parabolic equations. Lecture
Notes in Mathematics, 840. Springer-Verlag, Berlin-New York, 1981.

[15] M. G. Krein, Integral equations on the half-line with a kernel depending
on the difference of the arguments, Uspehi Mat. Nauk., 13(5):3-120, 1958.

[16] P. Linz, Analytical and numerical methods for Volterra equations. SIAM
Studies in Applied Mathematics 7. STAM, Philadelphia, 1985.

[17] A. Pazy. Semigroups of linear operators and applications to partial differ-
ential equations. Applied Mathematical Sciences, 44. Springer-Verlag, New
York, 1983.

21



[18] N. Viertl. Viscous regularisation of weak laminar hydraulic jumps and
bores in two layer shallow water flow. TU Wien, Dissertation, 2005.

[19] N. Wiener and E. Hopf, Uber eine Klasse singularer Integralgleichungen,
Sitz. Ber. Preuss. Akad. Wiss. Berlin, XXXI: 696-706, 1931.

[20] L. von Wolfersdorf. On the theory of convolution equations of the third
kind. J. Math. Anal. Appl., 331: 1314-1336, (2007).

[21] H. Ye, J. Gao, Y. Ding. A generalized Gronwall inequality and its ap-
plication to a fractional differential equation. J. Math. Anal. Appl., 328:
1075-1081, 2007.

22



